Terpenoid phenols, including carvacrol, are components of plant essential oils that 2 exhibit potent antifungal activity against a wide range of pathogens, including Candida 3 albicans, Staphylococcus aureus and Pseudomonas aeruginosa. To gain a mechanistic 4 view of the cellular response to terpenoid phenols, we used Saccharomyces cerevisiae as 5 a model organism and monitored temporal changes in metabolic activity, cytosolic and 6 vacuolar pH and Ca 2+ transients. Using a panel of related compounds, we observed dose 7 dependent Ca 2+ bursts that correlated with antifungal efficacy. Changes in pH were long 8 lasting and followed the Ca 2+ transients. A vma mutant lacking functional V-ATPase and 9 defective in ion homeostasis was hypersensitive to carvacrol toxicity, consistent with a 10 role for ionic disruptions in mediating cell death. Genomic profiling within 15 min. of 11 exposure revealed a robust transcriptional response to carvacrol, closely resembling that 12 of calcium stress. Genes involved in alternate metabolic and energy pathways, stress 13 response, autophagy and drug efflux were prominently up regulated whereas repressed 14 genes mediated ribosome biogenesis and RNA metabolism. These responses were 15 strongly reminiscent of the effects of rapamycin, the inhibitor of TOR pathway of 16 nutrient sensing. The results point to the activation of specific signaling pathways 17 downstream of cellular interaction with carvacrol, rather than a non-specific lesion of 18
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with in-vitro MIC of 500 ppm against C. albicans (26). Major components of Oregano 8 extract, which include the terpenoid phenols carvacrol, thymol and eugenol, have potent 9
antifungal activity on their own (23, 24, 4). Terpenoid phenols have been shown to be 10 efficacious not only on planktonic cells, but also on biofilms of Candida albicans that are 11 resistant to many antifungal drugs. Carvacrol demonstrated the strongest antifungal 12 activity against Candida albicans biofilms with a MIC of <0.03% (9). Furthermore, 13 carvacrol was shown to be effective regardless of the maturity of the biofilm. The 14 terpenoid phenols tested were able to inhibit biofilms of not only Candida albicans, but 15 five other strains of this pathogen, as well as C. glabrata and C. parapsilosis. In addition 16 to their antimycotic, antibacterial, insecticidal and bioherbicidal properties, essential oils 17 are also well known for their anti-oxidant characteristics and are used to inhibit lipid 18 peroxidation in preventing food spoilage or as chemoprotective agents in the treatment of 19
various diseases including cancer (26, 1). 20
Although there is abundant evidence for antifungal efficacy of essential oils and 21 their constituents, there has been relatively little work on the mechanism of killing. A 22 better understanding of the cellular basis of these antifungal agents would improve their 23 of SC media and 2 µl of FUN-1 dye. The tubes were vortexed, wrapped in foil, and then 1 incubated at 30˚C for an hour. Cells were washed twice with 2% glucose and cell pellet 2 resuspended in 2 ml per OD. To 50 µl of cells, 5 µl of mineral oil or Oregano oil was 3 added. After 15 minutes, the cells were observed under a fluorescence microscope. To 4 quantify these results, 5, 10, and 25 µl of each compound was added, in triplicate, to the 5 cells in a black 96-well microtiter well plate. The final volume was 200 µl. Fluorescence 6 (emission 575 nm) was measured for two hours in a using a BMG Fluostar Optima plate 7 reader. Averages of the triplicates were graphed against time. 8
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-dependent aequorin luminescence: BY4742 transformed with plasmid pEVP11-9
Aeq-89 expressing aequorin was grown overnight in SC medium (20). One unit of OD 600 10 of cells was spun down per microfuge tube. The cell pellets were resuspended in 1 ml of 11 2% Glucose and spun and decanted again. 50 µl of SC was added into each tube. After 12 vortexing to mix cells, 6 µl of coelenterazine (Invitrogen; 12.5 mg/ml in ethanol, stored at 13 -20˚C) was added into each tube. The cells were incubated for two hours in a 30˚C 14 incubator to allow reconstitution of aequorin with coelenterazine. Finally, cells were spun 15 down and transferred into 2 ml of SC. After vortexing again, 150 µl was placed in each 16 well of a white 96 well microtiter plate. In addition to this, 150 µl of cells was also put 17 into another microtiter plate to read OD. The drug was added (0.0125, 0.25, 0.5 and 0.1 18 %) in accordance to the figure legend and luminescence measured on a Fluostar Optima 19 microplate reader. Each dose of drug was done in duplicate and the experiment was 20 repeated at least two times. Luminescence values were collected every second, 21 normalized to the OD and averaged.
pH Measurements: Cytoplasmic pH was measured using pHluorin, essentially as 1 described (8). Briefly, BY4742 was transformed with plasmid pZR4.1 (33), grown to 2 mid-logarithmic phase and transferred to clear bottom 96-well black plates. Carvacrol 3 was injected at the indicated concentration and fluorescence (dual excitation at 410 and 4 485 nm and emission at 520 nm) was recorded in a BMG Fluostar Optima plate reader. 5
Calibrations were done in buffers of known pH as described (8). Vacuolar pH was 6 measured after loading with BCECF AM (Invitrogen), a pH sensitive fluorophore that 7 localizes preferentially in the vacuole (3). Cells were loaded with BCECF AM and 8 transferred to a 96-well plate. Fluorescence (dual excitation at 450 and 485 nm and 9 emission at 520 nm) was measured in response to carvacrol and calibrated as previously 10 described (3). 11 DNA microarray: Early log phase culture of S. cerevisiae BY4742 (OD 0.1) was treated 12 with carvacrol at 0.005% and 0.01% for 15 minutes. RNA was isolated from control and 13 carvacrol treated cells as described previously (32). Integrity of the RNA samples was 14 confirmed by polyacrylamide gel electrophoresis. cDNA synthesis, labeling and 15 hybridization, image scanning and processing were conducted at the Johns Hopkins 16 Microarray Core Facility as described previously. Microarray data were imported to 17 Partek GS software for normalization and analysis. The data set was then imported to 18 Gene Cluster 3.0 for hierarchical clustering analyses, along with previously published 19 DNA microarray data for these genes in response to thymol (7), CaCl 2 , (31), rapamycin 20 small colonies appeared around the filters after two weeks (data not shown), suggesting a 10 more fungistatic mechanism of action. As control, we showed that mineral oil had no 11 effect on yeast growth. In metabolically active cells, the vital stain FUN-1 is converted to 12 a red intravacuolar spindle-like structure, whereas loss of metabolic activity is associated 13 with bright greenish yellow fluorescence (19) . In yeast cells treated briefly (15 min) with 14
Oregano oil, but not mineral oil, FUN-1 green fluorescence was indicative of a loss of 15 metabolic activity (Fig. 1B) . 16 Next, we evaluated the relative efficacy of purified components of oregano oil and 17 related compounds. The monoterpenoid phenol carvacrol, and its structural isomer 18 thymol together constitute 72-83% of extracts from Origanum vulgarum species, 19 although they vary reciprocally as predominant components in distinct chemotypes (23). 20
Out of a panel of structurally related phenolic compounds ( Fig. 1C lower panel) , 21
carvacrol was found to be most potent in inhibiting yeast growth, with MIC of 0.008%(or 79.8 µg/ml), which was 1,500 times more effective than Oregano oil (Fig. 1A) . 1
Thymol was only slightly less efficacious whereas eugenol, a major phenolic component 2 of clove oil (Eugenia sp.), was significantly less effective in the yeast growth assay 3 relative to carvacrol (Fig. 1C) . In contrast, the monoterpene hydrocarbon γ-terpinene, 4 which is the biosynthetic precursor of carvacrol and also a component of Oregano oil, 5 was ineffective as a fungicide in the same concentration range as the terpenoid phenols. 6
Other phenolic compounds, vanillin and guaiacol, were also ineffective as fungicides 7 (Fig. 1C) . These results parallel the work of Tampieri et al. (27) , showing that out of a 8 panel of terpenoid phenols, carvacrol was the most effective in killing C. albicans at a 9 MIC of 100 ppm. Eugenol was slightly less active (MIC=250 ppm) than carvacrol, and 10 methyl eugenol was even weaker (MIC=1000 ppm). Unlike carvacrol, which has a free 11 hydroxyl group, eugenol has a methylated hydroxyl group, and methyl eugenol has two 12 methyl groups. Similarly, hydroxymethyl derivatives of carvacrol, thymol and eugenol 13 had significantly lower antifungal activity relative to the parent compounds (18) , 14 although interestingly, the derivatives had superior free radical scavenging activity and 15 protective effects as antioxidants. This suggests that antifungal activity depends on the 16 structure and make up of the terpenoid phenols, specifically the presence of a free 17 hydroxyl group and an aromatic ring. 18
Carvacrol exerted dose dependent inhibition on yeast growth rate, with complete 19 inhibition of growth at 0.01%, as shown in Fig. 1D . Quantification of FUN-1 20 fluorescence showed that carvacrol elicited dose-dependent loss of metabolic activity in 21 yeast (Fig. 1E) dose-dependent Ca 2+ elevations, followed by a decrease to baseline within 1-2 minutes 10 ( Fig. 2A) . These characteristic spikes have been described before (15, 20, 33) are 11 consistent with rapid influx of Ca 2+ from the extracellular medium and from the vacuole 12 and other intracellular stores, followed by sequestration into stores or efflux from cells, 13 and concomitant desensitization of channels. Similar Ca 2+ bursts were observed with the 14 structural isomer thymol, whereas eugenol showed smaller amplitudes of burst and the 15 remaining compounds tested (vanillin, guaiacol, γ-terpinene and p-cymene) failed to 16 elicit any luminescence change (Fig. 2B) . Overall, the ability of phenolic compounds to 17 elicit Ca 2+ bursts correlated well with their antifungal activity (Fig. 1C) . 18
Cytosolic Ca 2+ levels are tightly controlled within a narrow range compatible with 19 cellular viability by an array of ion pumps and transporters. To distinguish whether the 20
Ca
2+ burst was directly in the pathway leading to cell death or a mere bystander effect, 21
we evaluated carvacrol toxicity in a yeast vma2∆ mutant lacking a functional vacuolar H + pump. In the absence of vacuolar acidification, which provides the driving force for H + -1 coupled Ca 2+ exchangers, clearance of cytosolic Ca 2+ is severely impaired (12, 15, 33) . 2
We show that vma2∆ mutants are clearly more sensitive to growth inhibition by carvacrol 3 relative to the isogenic wild type, consistent with toxicity of the Ca 2+ burst (Fig. 2C) . 4
Since the vacuolar H + pump is also critical for pH homeostasis (17), we monitored 5 the effect of carvacrol on both vacuolar and cytosolic pH. Cells were loaded with the 6 acetoxymethyl derivative of the pH sensitive fluorescent dye, BCECF, which has been 7 shown to stably accumulate in yeast vacuoles (3). Addition of carvacrol elicited a 0.5 unit 8 increase in the vacuolar pH and persistent alkalinization (Fig. 2D) , suggesting a loss of 9 protons out of the vacuolar lumen. Concurrently, carvacrol was able to induce immediate 10 acidification of the yeast cytosol (Fig. 2E) , which was monitored by the pH-dependent 11 fluorescence of the GFP-derivative, pHluorin (8). Acidification was dose dependent: 12 whereas 0.01% carvacrol elicited a modest drop in pH, 0.05% carvacrol resulted in an 13 immediate drop in pH of ~0.5 pH unit, followed by a precipitous decrease beginning 14 around 30 min. after exposure to the phenolic compound. This second phase of cytosolic 15 acidification induced by 0.05% carvacrol correlated with a reciprocal increase in vacuolar 16 pH (Fig. 2D) and was well downstream of the Ca 2+ burst (Fig. 2A) Exponentially growing cells were treated for 15 min with 0.005% and 0.01% carvacrol. 4
These concentrations were shown to cause about half maximal and maximal inhibition of 5 growth rates, relative to control (Fig. 1D) . 6 7
As summarized in Table 1 , the number of gene transcripts showing 2-fold or 8 greater up-regulation increased from 492 to 800 in 0.005% and 0.01% carvacrol 9 respectively, with 91 genes showing robust (≥2-fold) dose-dependent increase at higher 10 carvacrol concentrations. A fewer number of gene transcripts were down-regulated in 11 carvacrol (Table 1) . 12
The functional categories of genes, according to the MIPS classification, that were 13 differentially regulated by at least 2-fold in response to 0.01% carvacrol are shown in Fig.  14 3. The inner circle depicts the functional distribution of the yeast proteome, whereas the 15 outer circle represents categories that were significantly overrepresented in the carvacrol 16 data sets (P values ≤5x10 -3 ). Prominent among up-regulated genes (Fig. 3A) were 17 functions associated with alternative metabolic or energy handling pathways, including 18 glucogen and trehalose biosynthesis, polyamine degradation and fatty acid transport and 19 oxidation. Next in abundance were pathways associated with stress response/signaling 20 and cell rescue, including sporulation, oxygen and free radical detoxificaton, heat shock 21 proteins and chaperones, autophagy and vacuolar degradation mechanisms (Fig. 3A and members of the ABC drug transporter family such as SNQ2, YOR1, PDR5, PDR10 and 1 PDR15 (Table 2 ). In contrast to this broad array of cellular functions impacted by 2 carvacrol, pathways represented by repressed (Fig. 3B ) genes were overwhelmingly 3 associated with nucleic acid metabolism, RNA synthesis, processing and modification. In 4 dividing cells most of the gene transcription (>80% of nucleotides used) is dedicated to 5 synthesis of ribosomes and tRNA (28). Carvacrol rapidly shut down these pathways, 6 consistent with cessation of growth (Table 2; Fig. 1D ). 7
Transcriptional profiles have been documented in response to a wide array of 8 antifungal drugs (5-fluorocytosine, amphotericin B, caspofungin and ketoconozole), 9 metabolic conditions (diauxic shift, nitrogen depletion, rapamycin treatment, YPD) and 10 agents known to induce ionic stress (amiodarone, Ca 2+ ). Clustering analysis of 11 microarray data revealed that the transcriptional response to carvacrol most closely 12 resembled Ca 2+ stress response (Fig. 4A) . We had previously observed that 13 transcriptional response to the antifungal agent amiodarone also clusters closely with 14
2+ stress, consistent with the ability of amiodarone to evoke bursts of cellular Ca 2+ . 15
Here we show a similarity in overall gene regulation by carvacrol and amiodarone (Fig.  16 4A). These observations corroborate our hypothesis that carvacrol elicits Ca 2+ mediated 17 cell death. Interestingly, the carvacrol response also closely resembles the effect of 18 rapamycin, an inhibitor of the TOR signaling pathway that controls cell growth in 19 response to nutrients and stress by regulating mRNA transcription and stability, protein 20 translation, ribosome biogenesis and autophagy, and nutrient transport. To examine this 21 further, we evaluated the overlap in transcriptional profile in response to carvacrol, 22 rapamycin and Ca 2+ stress (Fig. 4 B and C) . As seen in the Venn depictions, the overalltranscriptional response to carvacrol was 58% identical to rapamycin and 63% to Ca 2+ 1 stress. Of the genes up-regulated by carvacrol, a third (166) were also induced by the 2 other two conditions and chiefly included genes involved in metabolic pathways of 3 carbohydrate, protein or energy. An even greater overlap existed among down regulated 4 genes, wherein 60% of genes repressed by carvacrol (257) were common to Ca 2+ stress 5 and rapamycin. Shared genes belonged largely to categories of RNA metabolism (60.7%) 6 or ribosome biogenesis (55.6%). As these transcriptional responses are characteristic of 7 inhibition of TOR pathway, these findings raise the intriguing possibility that carvacrol 8 may impact the TOR pathway, either independently or through calcium signaling. A 9 recent screen of >3,500 compounds identified amiodarone as an inhibitor of mTORC1, 10 based on the induction of autophagy in nutrient rich medium (5); a similar effect may be 11 predicted with carvacrol, given the robust induction of autophagy genes observed ( Table  12 2). 13
Recently, Bi et al. (7) described the transcriptional response of S. cerevisiae to 14 thymol, the structural isomer of carvacrol. As shown by hierarchical clustering analysis 15 (Fig. 4A) , transcriptional responses to carvacrol and thymol were similar. As both 16 compounds induce rapid and robust cytosolic calcium surge ( Fig. 1 A and B) , the 17 mechanisms by which these two phenolic isomers kill fungal cells are likely to be 18 substantially similar. We also noted differences in the transcriptional response to the two 19 isomers. Thymol repressed multiple genes implicated in thiamine (vitamin B1) 20 biosynthesis (THI4, THI6, THI12, THI20, THI21, SNZ2, SNZ3, PET18) and sulfur 21 metabolism, while this response was not observed after carvacrol treatment. It is possible 22 that these differences represent distinct cellular responses to the two isomers. However, 23
given the difference in the time of assessment of transcriptional responses to thymol (90 1 minutes; 7) and carvacrol (15 minutes, this study), it may well be that induction of sulfur 2 metabolism and repression of thiamine biosynthesis are both late-stage transcriptional 3 responses to these compounds. Furthermore, the size of the transcriptional response 4 appears to substantially diminish with time, with differential regulation of 922 genes by 5 at least two-fold after 15 min exposure to carvacrol (0.005%; see Table 1 ) and 305 genes 6 after 90 min treatment with thymol (7), at equivalent drug concentrations. A similar 7 transient transcriptional response has been previously observed for the membrane-active 8 drug amiodarone, which also elicits a rapid transcriptional response peaking between 10-9 15 min, followed by significant decay at 30 min (13). Thus, we speculate that the study 10 of Bi et al. provides insight into a later window of cellular response that is distinct from 11 the early observations described in this work. 12
Mechanism of action of terpenoid phenols 13
The hydrophobic nature of terpenoid phenols ensures their preferential partition 14 into the lipid membrane: thus, carvacrol has log P value of 3.26 for partition into 15 phosphatidylethanolamine membranes relative to buffer (28). However, hydrophobicity 16 alone does not ensure toxicity since p-cymene, a precursor of carvacrol, has higher 17 partition coefficient for lipid membranes but is non-toxic. The presence of the hydroxyl 18 group is critical for toxicity, as seen by lack of microbicidal effects of p-cymene and carvacrol. It may be that effects on membrane expansion and fluidity (28) cause opening 5 of ion channels followed by their rapid desensitization. 6
The distinct phases of Ca 2+ and pH transients argue against a simple mechanism 7 involving catastrophic membrane lesion, based on the uptake of propidium iodide, as has 8 been previously proposed (24, 21). Propidium iodide staining of cells at MIC confirms 9 cell death, but does not elucidate the mechanisms leading up to cell death and loss of 10 membrane integrity. The transient nature of cytosolic Ca 2+ surge upon exposure to 11 carvacrol indicates that cells maintain their ability to regulate ion flux ( Fig. 2A) SSA1, SSA3, SSA4, HSP26, HSP42, HSP78,  HSP82, HSP104, SSE2, MSS2, ECM10, MDJ1,  FMO1, MPD1  Oxidative stress response  FRT2, PRX1, UGA2, GRX1, SNQ2, CTA1, TSA2,  CTT1, GTT1, GPX1, SRX1, MCR1, FMP46, GAD1,  GRE2, OXR1, GRE1  Energy reserve metabolism TPS1, TPS2, GLC3, GSY1, 
